One of the most intriguing examples of cross talk between signaling systems is the interrelationship between G protein-coupled receptor and growth factor receptor pathways leading to activation of the ERK/MAP kinase phosphorylation cascade. This review focuses on the mechanism of this cross talk, denoting primarily signaling components known to occur in the G protein-coupled receptor branch of the MAP kinase pathways in neural cells. Recent evidence is presented on the existence of a plethora of pathways, due to the multiplicity of G proteincoupled receptors, their differential interaction with heterotrimeric G protein isoforms, various effectors and second messengers. In light of this rich diversity, the review will discuss different points of convergence of G protein-coupled receptor and growth factor receptor pathways that may feature a requirement for growth factor receptor transactivation, receptor internalization and scaffolds to assemble receptor, adaptor and anchoring proteins into multiprotein complexes.
Introduction
Since their discovery in the early 1980s, the extracellular signal-regulated kinase (ERK) subfamily of MAP kinases has had considerable impact on the signal transduction field [1, 2] . ERK/MAP kinases appear to be ubiquitous in eucaryotes and regulate many fundamental cellular processes including proliferation, differentiation, migration, survival, growth, growth arrest and apoptosis. ERK/MAP kinases not only activate transcriptional factors but they modulate many other proteins as well [3] . Their unique ability to integrate diverse signaling pathways is exemplified in the nervous system. In neurons the MAP kinases play a role in memory, plasticity, long-term potentiation and in glia, survival and differentiation [4] [5] [6] [7] [8] .
One of the most intriguing examples of cross talk between signaling systems is the interrelationship between growth factor receptor, referred to as receptor tyrosine kinase (RTK), and G protein-coupled receptor (GPCR) pathways to activate the ERK/MAP kinase phosphorylation cascade [9-13, for reviews see 12, 13] . GPCRs are one of the largest superfamilies of proteins found in nature. This review focuses on the mechanism of this cross talk, specifying the key signaling components in the heterologous pathways in neural cells. A plethora of such pathways exists, in part due to the diversity of the GPCRs. GPCRs interact differentially with heterotrimer- ic G protein isoforms, effectors and second messengers. Here we will emphasize signaling components that occur in the GPCR branch of the MAP kinase pathways as the steps downstream of the RTK are less variable and better understood ( fig. 1 ). An important factor that is clearly responsible for multiple signaling responses of GPCRs is cell type. Correlations of neural cell types with various signaling mechanisms will be discussed. The role of protein scaffolds, to which diverse signaling components of these intracellular pathways are known to dock, insulating them possibly to confer another order of specificity, will also be examined.
G Proteins
Most mechanisms of GPCR stimulation of ERK phosphorylation entail transduction by heterotrimeric G proteins. G i -derived ßÁ subunits or G· q are the most common subunits interacting with effectors identified to date [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] , for reviews see 12, 13] . G i -mediated ERK phosphorylation by GPCR agonists has been primarily implicated by sensitivity to pertussis toxin (PTX) that abolishes G i -coupled signaling. In most pathways studied, ßÁ subunits of the G i family rather than G· i have been involved in the transduction mechanism [9] [10] [11] . However, a constitutively active G i , gip2, has been reported to activate ERK via different pathways (see below).
Various approaches have been adopted to implicate GßÁ. They include stimulation of GPCR signaling to ERK by recombinant ßÁ subunits, the failure of constitutively active mutants of · subunits to activate ERK and blockade of heterologous signaling by overexpression of proteins that sequester ßÁ subunits. Because of the abundance of G i proteins, their ßÁ subunits are thought to be a major source of the ßÁ dimers used for transduction in heterologous pathways [for a review see 19] . The ß subunits of heterotrimeric G proteins are 35-kD proteins that contain repetitive Trp-Asp (WD) sequences that occur at about 40-amino acid intervals (WD40 repeat) [19] . Gß interacts noncovalently with Á subunits of about 8 kD which are isoprenylated, thereby affording a hydrophobic residue to anchor the dimer to cell membranes. There are numerous examples of the interaction of ßÁ subunits with pleckstrin homology domains of various target proteins.
The isoforms of ß and Á subunits are GPCR-specific and they are selective with respect to the isozymes of effectors with which they interact. Classically, G i -derived ßÁ subunits couple with PLCß 2 to initiate phosphoinositide hydrolysis and inositol phosphate turnover in brain [14, 15] . In contrast, several GPCR (muscarinic acetylcholine, dopamine, endothelin and serotonin) interact with PLCß 1 , PLCß 3 or PLCß 4 via G· q which is PTXinsensitive. However, PTX insensitivity of GPCR activation of ERK does not automatically denote that the signaling pathway is transduced by · subunits of the G q family of G proteins. For example, there is evidence to suggest that G· z and G· 12 transduce chronic Ì opioid receptor (MOR) inhibition of EGF-activated ERK in COS-7 cells [16] . G· z and G· 12 resemble G· q in that they lack cysteine residues in the C-terminus consensus site that is ADPribosylated by PTX. In contrast, acute opioid stimulation of ERK is mediated by ßÁ subunits in both COS-7 and rat C6 glioma cells [7, 17, 18] .
G o protein, which constitutes 1% of brain membrane protein, is also a transducer in this heterologous pathway. G· o activates ERK via a protein kinase C (PKC)-dependent mechanism which is Ras-independent, raising the possibility of the existence of an alternative pathway, e.g. via Rap1/B-Raf, or implying convergence of M1 muscarinic acetylcholine receptor and RTK pathways downstream of Ras in transfected CHO cells [21] . Since it was subsequently shown that constitutively active G· o potentiates RTK and B-Raf-activated ERK phosphorylation in the same cell line, the former Ras-independent route pertains [22] . G· o can also modulate ERK phosphorylation by interacting directly with the GTPase-activating protein of a small geranylgeranylated G protein, Rap1 [23] . Rap1 is a relative of Ras that can either inhibit or stimulate ERK activation by several different mechanisms including one that entails forming a complex with B-Raf in neuronal cells (see below, fig. 1 ) [for an overview see 24].
Although G s has not been shown to be involved as a direct transducer of the GPCR branch of the heterologous pathway to ERK, it may have an indirect effect. Upon G s -mediated protein kinase A (PKA) phosphorylation of the ß-adrenergic receptor, this GPCR switches from G s to G i coupling which stimulates the MAP kinase phosphorylation cascade via ß-arrestin and the nonreceptor protein tyrosine kinase, Src [25, 26] .
Effectors and Second Messengers
Consistent with the multiplicity of GPCRs and G proteins, many effectors and second messengers have also been implicated in heterologous GPCR signaling pathways. Here we will discuss studies where the second messengers or effectors are thought to be acting directly as opposed to indirectly, such as by feedback mechanisms. It is assumed that GPCR activation can elicit similar mechanisms of ERK phosphorylation as the second messenger or effector alone does. However, this does not occur in all cases [20, 27] . One of the first second messengers to be recognized as a modulator of ERK phosphorylation was cAMP. In 1993, five independent groups reported that cAMP inhibited either GPCR or RTK-stimulated ERK phosphorylation, involving diverse cells, RTKs and GPCRs [27] [28] [29] [30] [31] . Subsequently, evidence for both cAMPdependent stimulation and inhibition of ERK phosphorylation was reported [5, 28, [32] [33] [34] . For example, in primary neuronal cells or neuronal model systems such as PC12 cells, cAMP induces ERK phosphorylation via the small GTPase, Rap1, which is activated by PKA and interacts with B-Raf [35] [36] [37] . In contrast, in astrocytes and astrocytoma cells, which do not possess B-Raf, cAMP inhibits ERK phosphorylation by the classical Ras/Raf-1 pathway. Thus, PKA phosphorylation acts on Rap1 that suppresses the Ras/Raf-1 pathway [36] . Accordingly, if B-Raf is transfected into astrocytoma cells, cAMP stimulates ERK phosphorylation as it does in B-Raf-containing neuronal cells. Such experiments reveal a limitation of overexpression of signaling components in cells that do not possess the endogenous form of the proteins.
ERK can also be activated via PKA and Rap1/B-Raf pathway upon Ca 2+ influx into neurons [37, 38] . Yet another cAMP pathway to ERK and ultimately CREB phosphorylation exists in striatal neurons in which PKA causes an increase of intracellular Ca 2+ stores [39] . Intracellular Ca 2+ then activates Ca 2+ -dependent proteins, PKC and Pyk2 and the Rap1/B-Raf complex that results in ERK phosphorylation. Since ERK activation induces CREB phosphorylation, this pathway offers an alternative route to the classical pathway involving nuclear import of the catalytic subunit of PKA and its direct phosphorylation of CREB. Several neurotransmitter systems utilize PKA-mediated ERK activation via the Rap1/B-Raf complex and some have been implicated in long-term facilitation [40] . The existence of cross talk between PKA and intracellular Ca 2+ that induces ERK phosphorylation via Rap1 provides yet another alternative mechanism to Ca 2+ -dependent phosphoinositide turnover that is me-37 diated by the Ras/Raf complex in glia (see below and fig. 1 ). Nevertheless, Rap1 is directly activated by G· o or G· i via their specific GAPs and by G· q via phosphoinositide turnover [23, 39, 41] .
Ras and Rap pathways may differentially mediate acute and chronic stimulation of ERK by growth factors. It has been known for some time that epidermal growth factor (EGF) induces an acute activation of ERK that results in PC12 proliferation, whereas nerve growth factor (NGF) elicits a sustained activation of ERK that results in cellular differentiation [for a review see 34] . The Ras-and Rap-dependent pathways to ERK in PC12 cells influence the kinetics of this activation process [34] . Interestingly, it was found that both NGF and EGF transiently stimulate Ras [42] . Moreover, EGF acutely potentiates ERK via Ras, whereas NGF promotes prolonged Rap1 activation to account for 90% of the long-term effect on ERK.
Ca 2+ -dependent mechanisms of heterologous signaling, in which intracellular levels of this ion are elevated, can be initiated by opening Ca 2+ channels in addition to GPCR-mediated phosphoinositide hydrolysis [7, 19, 20, [43] [44] [45] [46] [47] . Intracellular Ca 2+ mobilization-dependent heterologous signaling is frequently found in both neuronal and glial model systems [43] [44] [45] [46] . Inhibition of either Ca 2+ channels or inositol phosphate-mediated Ca 2+ release from intracellular stores blocks GPCR signaling to ERK suggesting that both are required for full activity. Inositol phosphate turnover, PKC and Pyk2 have often been implicated in such mechanisms, but PKC can also be activated directly by RTKs via, for example, PLCÁ or phosphatidylinositol-3-kinase (PI3K) and participate in ERK activation exclusive of GPCR signaling [3, 34] .
Pyk2 is a Ca 2+ -dependent, proline-rich, nonreceptor protein tyrosine kinase that is a member of the focal adhesion kinase family. In neuronal model systems, it is a key signaling component in the GPCR-ERK heterologous pathway [43, 45] . Although its intermediary role in signaling has also been established in many other cell types [46, 47] , the role of Pyk2 in astrocytes is less clear. Endothelins and opioids acting via their GPCRs have been shown to stimulate the phosphorylation of Pyk2 and ERK in primary cultures of astrocytes and C6 glioma cells, an astrocytoma cell line [6, 7] . However, in neither case has Pyk2 been implicated in ERK activation unequivocally.
The precise location of Pyk2 in the GPCR signaling branch is unknown. As seen in figure 1 , it was originally proposed to bridge the GPCR and RTK pathways [43, 44] . However, Satoh et al. [46] recently reported that statins, which are selective inhibitors of 3-hydroxy-3-methylglutaryl CoA, block both angiotension II-stimulated Pyk2 and ERK phosphorylation in pulmonary vein endothelial cells. They present evidence to support the notion that the Ca 2+ -dependent activation by angiotensin II requires geranylgeranylation of Rap1 to facilitate plasma membrane anchoring of this small G protein, thereby explaining the statin sensitivity. If this hypothesis is correct, Pyk2 may possibly be an intermediate relegated to the RTK branch of the heterologous pathway downstream of Rap1 in endothelial cells ( fig. 1) .
The study of the relationship of Pyk2 and Src and their requirement in heterologous signaling using embryonic fibroblasts from Pyk2-, Src-or EGF receptor (EGFR)-deficient mice have produced interesting findings of the redundancies inherent to signaling systems, a consistent theme emerging from transgenic mice studies [48] . Pyk2, Src and EGFR have been implicated in GPCR-mediated ERK activation in a number of cell types including neurons [44; for a review see 13] . A Pyk2-dominant negative mutant that inhibits GPCR-mediated ERK activation is incapable of complexing with Src [44] . Nevertheless, lysophosphatidic acid (LPA)-induced ERK activation was shown to lead to ERK phosphorylation in embryonic fibroblasts from Pyk2-, Src-or EGFR-deficient mice. These results reveal that in such cells, alternative Pyk2-, Src-or EGFR-independent pathways from GPCRs to ERK exist. Early studies with protein tyrosine kinase inhibitors such as genistein and herbimycin A suggested a role for Src in GPCR heterologous signaling [20, 49, 50] . These were confirmed by the cellular expression of a dominant negative kinase-inactive mutant of c-Src that inhibited GßÁ-mediated LPA and · 2A -adrenergic activation of ERK [51] . Subsequently, Src was implicated in multiprotein complexes or signaling scaffolds together with ß-arrestin and GPCRs as discussed below [52-57, for a review see 55] . It was also shown that Src plays a role in Pyk2 activation and both Src and Pyk2 are required for EGFR phosphorylation in some cells [45, 51] . However, Src has independent roles in EGF signaling as well [50, 55] . The plethora of Src signaling sites is inexplicable and emphasizes the multiplicity of heterologous pathways. The occurrence of mutations in proteins that do not have multiple roles in transformed cell types would augur well for successful development of targeted inhibitors to treat such forms of cancer. If a targeted inhibitor is selective for a signaling component that is responsible for proliferation of the transformed cell but is not required at other sites, it will have a major advantage over most of the presently used chemotherapeutic agents which feature broad toxicities and thereby multiple side effects. Moreover, in cells with the inhibited signaling pathway, redundant but regulated pathways can compensate for the blockade.
PI3K is a phosphoinositide kinase that can mediate GPCR heterologous signaling in certain cells and it is found in virtually all growth factor pathways studied [58] [59] [60] [61] [62] [63] [64] [65] [66] . However, PI3K is not always involved in ERK signaling. Initial evidence for its implication in heterologous signaling arose from studies on GPCR agonist-induced ERK phosphorylation examined in cultured Swiss 3T3 cells and human myeloid-derived cells [58, 59] . Subsequently, Hawes et al. [60] used two inhibitors of PI3K activity, wortmannin and LY294002, and a dominant negative mutant of the p85 subunit of PI3K (p85) to attenuate ERK phosphorylation by LPA and the · 2 -adrenergic receptor agonist UK-14304 in COS-7 and CHO-K1 cells. These results suggest that, in COS-7 cells, a PI3K step occurs in the GPCR branch of the pathway ( fig. 1) . Nevertheless, signaling downstream of GßÁ-induced PI3KÁ that activates ERK appears to require a PTK, Shc, Grb2, Sos, Ras and Raf [61] . Interestingly, ERK phosphorylation was only sensitive to wortmannin at low levels of EGF in COS-7 cells [63] and at low levels of PDGF in Swiss 3T3 cells [65] . These and other results suggest the existence of a PI3K-independent, redundant pathway to ERK when larger quantities of receptor molecules are activated [65] . Opioid stimulation of ERK is wortmannin-sensitive in COS-7 but not in C6 glioma cells, wherein MOR is overexpressed [18, Belcheva et al., unpubl . observations]. In the C6 studies, cells were grown under conditions, wherein they express an astrocytoma phenotype. In contrast, GH-releasing hormone activates ERK via PI3K in pituitary cells [62] , which arise from the same parent cells as astrocytes again illustrating the diversity of heterologous signaling.
A potential mechanism of activation by PI3K entails its production of lipids that interact with pleckstrin homology domains of Sos, facilitating its attachment to the plasma membrane and colocalization with Ras [63] . Additional mechanisms linking PI3K with Ras were discovered recently [64] . Moreover, a correlation between PI3K activity and both RTK and GPCR receptor endocytosis has been found. This mechanism of action of PI3K involves the generation of phosphatidylinositol-3-phosphate that binds to an early endosomal antigen and facilitates its interaction with Rab5. Rab5 is required for endosome fusion that has been implicated in ERK activation as discussed below [34, 67] . Interestingly, PI3K can also promote ß-adrenergic receptor internalization by an agonist-induced mechanism [66] . Cytosolic PI3K interacts with ß-adrenergic receptor kinase I and translocates to the plasma membrane where it docks on the receptor. Inhibition of PI3K activity attenuates ß-adrenergic receptor sequestration.
The ability of calmodulin (CaM) to undergo diverse interactions with proteins involved in signal transduction by GPCRs indicates it may play a role in heterologous signaling [68] [69] [70] [71] [72] [73] [74] . There exist CaM-responsive signaling components such as adenylate cyclases [36, 37] , G protein ß subunits [70] , GPCR kinases [71] , PI3K [72] and protein tyrosine phosphatase · [73] . Thus, it is clear that Ca 2+ /CaM strongly influences ERK signaling, but the mechanisms involved are poorly understood. A family of CaM-dependent kinases has been found in neural and other cells. However, there is little evidence that the CaM kinase family plays a role in ERK activation. Although CaM kinase phosphorylates CREB [68] , ERK does not appear to be involved in the pathway(s) leading to phosphoCREB in HEK293 cells [69] . Moreover, inhibition of Ca 2+ /CaM-dependent kinases and phosphodiesterases did not interfere with serotonin 5-HT 1A receptor-mediated ERK activation [47] or bradykinin-induced EGFR transactivation [74, also see below] suggesting a different mechanism is entailed.
CaM antagonists (W7, calmidazolium, fluphenazine) have been used to detect several sites of CaM dependency in G i/o -and G q -coupled receptor-mediated Ras-dependent ERK activation in neuronal model cell lines and HEK293 cells [47, [75] [76] [77] . Although these drugs may not be highly selective, they suggest that CaM affects GPCRmediated ERK phosphorylation at: (1) points downstream of RTK, (2) at steps involved in transactivation of RTKs, and (3) within the GPCR branch of the pathway. Ca 2+ /CaM can modulate Src activity and directly or indirectly affect Ras activity or signaling elements downstream of Ras ( fig. 1 ). Ca 2+ /CaM activates Ras by binding to guanine nucleotide exchange factors in primary cultures of rat cortical neurons [78, 79] . In addition, CaM inhibitors block EGF stimulation of ERK phosphorylation at an undefined site downstream of Src and Ras but upstream of Raf and MEK in HEK293 cells [75] . CaM antagonists also abolish wild-type Raf kinase activity and CaM-Sepharose precipitates some but not all isoforms of Raf in PC12 cell lysates [80] .
The first GPCR shown to interact with CaM was a metabotropic glutamate receptor [81] . Subsequently, evidence for direct binding of CaM to MOR emerged. These findings raised the possibility that CaM may play a role as a second messenger [82] and possibly mediate G proteinindependent mechanisms [83] . CaM binding sites are located on the i3 intracellular loop of MOR, ‰ opioid and D2-dopamine receptors, and on the C-terminal of the metabotropic glutamate receptor [81] [82] [83] [84] . Wang et al. [82] proposed that receptor peptide motifs for binding to G· and CaM are similar to each other, raising the possibility that GPCR-CaM interactions could represent a common phenomenon. There have been studies on GPCR heterologous signaling that compare wild-type MOR and a mutant K273A-MOR that binds CaM poorly but couples normally to G proteins [85] . The data show that opioid agonist stimulation of the K273A-MOR generates 50% less ERK phosphorylation than wild-type MOR. Stimulation of MOR results in ERK phosphorylation by a mechanism that entails EGFR transactivation in HEK293 cells and rat astrocytes [85, Belcheva et al., unpubl . observations]. Wild-type MOR also stimulated EGFR Tyr-phosphorylation 3-fold more than K273A-MOR, indicating that direct CaM-MOR interaction plays a key role in transactivation ( fig. 1 ). This novel pathway of CaM-dependent ERK activation and EGFR transactivation may be shared by other GPCRs shown to interact with CaM.
Sites of Convergence of GPCR and RTK Pathways
In light of the diverse GPCR pathways that signal to ERK, it is not surprising that different points of convergence with RTK signaling components have been detected ( fig. 1) . Two of the best-documented sites are at the Ras-Raf complex and 'upstream' of Ras-Raf at the growth factor receptor. Earlier findings on this subject revealed that cAMP-mediated ERK inhibition via PKA was accompanied by reduction of Ras-Raf complex activation [28, 31] . Simultaneously, it was found that PKC-· can activate Raf-1 by direct phosphorylation in NIH3T3 cells [86] , but PKC activation of ERK appeared to be Rasindependent, because it was not blocked by a dominant negative mutant of Ras [87] . Subsequently, Marais et al. [88] demonstrated that Raf-1 mutants that prevent association with Ras cannot be activated by PKC in COS cells. These results indicate that PKC activation of Raf-1 requires a Ras-GTP-Raf-1 complex. Dominant negative mutants of Ras that complex with Raf-1 will not block PKC potentiation of Raf-1.
Recently, it has been discovered that some heterologous GPCR signaling to ERK occurs via Tyr phosphorylation of the RTK itself [45, 51, 55, 76, 85, [89] [90] [91] [92] [93] . Transactivation of EGFR rapidly ensues upon stimulation by a broad range of GPCRs including LPA, muscarinic cholinergic, ·-and ß-adrenergic, angiotensin, thrombin, bradykinin and MOR. It is cell type-specific. For example, LPA stimulation is EGFR transactivation-dependent in Rat-1 cells but not in PC12 cells [50] . In HEK293 cells, LPA and · 2 -adrenergic receptor-mediated activation is partially dependent on EGFR transactivation.
Transactivation appears to occur via undefined plasma membrane-bound metalloproteases involved in processing of EGF-like precursor molecules anchored on the cell surface [92, 93] . In some pathways Src may activate the metalloproteases [54] , in others, PKC and various other related signaling components [55] . A similar EGFR transactivation mechanism involving an autocrine metalloprotease-dependent release of heparin-binding (HB)-EGF resulting from IGF stimulation has also been proposed [94] . These data reveal that cross talk exists between different growth factor receptor signaling pathways ( fig. 1) .
CaM may inhibit the RTK transactivation process. CaM inhibitors have been shown to promote shedding of membrane-bound growth factors via matrix metalloproteases [95, 96] . Accordingly, CaM antagonists were found to stimulate the cleavage of several membrane proteins including EGFR binding ligands in CHO and human epithelial cells, and this process was PKC-independent. In addition, Bosch et al. [97] reported that the CaM inhibitor, W13, alone induced an increase in Ras, Raf and ERK activation in cultured NIH3T3 or NRK cells. The stimulation of ERK by W13 alone may be explained by the induction of the release of endogenous plasma membrane-bound EGFR binding ligands leading to the activation of this receptor and subsequent activation of RasRaf. In accordance with these results, the CaM inhibitor W7 attenuated DAMGO stimulation of EGFR phosphorylation in wild-type MOR cells [85, Belcheva et al., unpubl . observations]. However, in cells expressing mutant K273A MOR that binds to CaM poorly, the major CaM-dependent pathway is not operative and W7 has no effect. Therefore, a minor pathway of ERK activation exists in mutant K273A MOR cells, which appears to be CaM-independent.
Evidence for GPCR transactivation of RTKs other than EGFR has been reported. These include angiotensininduced PDGFR tyrosine phosphorylation [98] in vascular smooth muscle cells, LPA-stimulated PDGFR tyrosine phosphorylation in L cells by a PKC-independent mechanism [99] and opioid-stimulated FGFR activation in rat C6 glioma cells [100] . In these studies, a blockade of RTK tyrosine phosphorylation results in attenuation of ERK phosphorylation. In contrast, IGFR phosphoryla-tion by thrombin has been reported to stimulate DNA synthesis but not ERK phosphorylation in vascular smooth muscle cells [101] . The mechanism of transactivation has not been elaborated on for PDGFR and FGFR to the extent that it has been for EGFR, although some evidence for a metalloproteinase requirement has been obtained in the FGFR studies in C6 cells [100] .
Role of Receptor Endocytosis in GPCR Signaling to ERK
An important relationship exists between receptor signaling and intracellular trafficking [102-115, for reviews see 13, 102, 111] . The occurrence of intracellular receptors has been recognized for some time and initially it was thought that they were either newly synthesized en route to the cell surface or internalized receptors undergoing trafficking to an intracellular site for degradation. Subsequently, receptor endocytosis was shown to be also important for the resensitization of receptors that underwent inactivation on the plasma membrane. For example, GPCRs are inactivated upon being phosphorylated by GPCR kinases, PKA and PKC. As a result, they are thought to internalize generally by docking with ß-arrestin in clathrin-coated pits. Upon invagination, clathrincoated vesicles become acidic endosomes in which the GPCR is dephosphorylated back to an active form by the action of phosphatases. Endosomes then recycle the GPCR back to the plasma membrane unless regulatory factors dictate degradation by lysosomal targeting.
Recently, Vieira et al. [103] reported that activation of ERK1/2 via EGFR is suppressed in cells transfected with dynamin-mutant K44A that is defective in its GTPase activity. Since dynamin has been implicated in the process in which clathrin-coated pits are pinched off of the plasma membrane, the mutant blocked receptor endocytosis by this mechanism. Thus, the data suggested that endocytic trafficking of EGFR appears to be important for full activation of ERK. Heterologous signaling studies with dynamin mutant K44A and other inhibitors of receptor endocytosis revealed that in addition to a reduction in ERK phosphorylation, GPCR internalization was also blocked, suggesting a requirement for intracellular GPCRs and RTKs [8, 51, 52, [104] [105] [106] [107] [108] [109] [110] [111] , for a review see 111]. Subsequently, it was learned that dynamin plays additional roles in signaling so that dynamin K44A mutant blocks other processes in addition to receptor endocytosis [112] . Thus, the challenge has been to find inhibitors of receptor endocytosis that are selective. As many as five mechanistically distinct inhibitors of clathrin-mediated endocytosis have been used to attenuate ERK activation by GPCR agonists indicating that receptor endocytosis is required for ERK activity. Nevertheless, it soon became apparent that in numerous GPCR heterologous signaling pathways ERK phosphorylation is not affected by inhibitors of receptor endocytosis [8, [112] [113] [114] [115] ; for a review see 55] . Recently, Pierce et al. [110] used both selective inhibitors and confocal microscopy to explain these discrepancies. They showed that endocytosis of RTK, but not GPCR, was required. Moreover, blockade of RTK endocytosis impacted GPCR heterologous signaling only in EGFR transactivation-dependent mechanisms. The question remains whether RTK internalization into clathrincoated pits or vesicles is required in heterologous signaling and whether an RTK scaffold is assembled at the site [55, 91] (see below).
The same group reported additional support for this model by using cocultures of two types of COS-7 cells [54] . Donor cells were transfected with · 2A -adrenergic receptors, whereas acceptor cells lacked this receptor. In donor cells · 2A -adrenergic receptor-mediated stimulation of ERK phosphorylation via transactivation-independent and transactivation-dependent pathways was detected. Acceptor cells possessed only an EGFR pathway that responded to HB-EGF shedding by the · 2A -adrenergic receptor-activated donor cells to stimulate ERK phosphorylation by a paracrine mechanism. Dynamin K44A had no effect on donor cell ERK activation, as it contained an EGFR transactivation-independent pathway. However, K44A mutant attenuated ERK phosphorylation in the acceptor cell, which was only stimulated via an EGFR transactivation-dependent mechanism.
Scaffold Proteins
One of the messages of this review is that a diversity and redundancy of ERK signaling pathways exist in cells ( fig. 1) . It is fitting then to conclude the review with scaffold proteins as they offer a possible mechanism of specificity to cope with the redundancies and thereby prevent cross talk between different GPCR mitogenic signaling pathways. Multiprotein complexes comprised of different components of heterologous signaling pathways have been identified in many cells [for reviews see [116] [117] [118] . The fact that diverse pathways to ERK in the same cells are initiated by overlapping stimuli suggests specificity may be achieved via scaffolds. The first MAP kinase scaffolds identified were found in yeast and were comprised of functionally different types of proteins [117] . In addition to kinases and other enzymes, such scaffolds bind simultaneously adaptor and anchoring proteins to tether them to specific membranes in the cell, thereby providing compartmentation [for a review describing the various types of protein functions, the motifs in their binding domains that allow proteins to interact with one another and the sundry mechanisms by which substrates are brought to their enzymes or enzymes are transported to their substrates during signaling see 116] .
The first yeast scaffold protein identified, Ste5, formed a high-molecular-weight complex, consisting of a MAP kinase signaling module [117] . MAP kinase kinase kinase was associated with MAP kinase kinase (MEK), MAP kinase and a pheromone-activated G protein. Subsequently, an additional three MAP kinase modules containing combinations of different kinase isoforms were found on other scaffolds in yeast. These modules were dedicated to processes such as filamentation and osmotic shock rather than mating. Similar modules have been found in mammalian cells with low-molecular-weight GTP binding proteins (i.e., Ras, Rac, Rap) that immediately precede the Raf-1-MEK-ERK troika. Mammalian scaffolds for modules containing MAP kinase isoforms such as c-jun N-terminal kinase (JNK), P38 as well as ERK have been documented [117, 118] . The evidence for two mammalian scaffold candidates, KSR and MP1, for ERK modules has been compelling [118] [119] [120] [121] [122] . Focal adhesion kinases, Pyk2/FAK, have raised the possibility of integrin-based scaffolds in GPCR heterologous signaling to ERK [13, 43, 45, 55, 74, 90, 123] .
Recently ß-arrestin, an adaptor protein that binds phosphorylated GPCRs and targets them for endocytosis, has been shown to be a candidate for a multifunctional scaffold protein acting with both JNK and ERK modules [55] [56] [57] [124] [125] [126] . This was accomplished by combinations of yeast two-hybrid screening, coimmunoprecipitation, gel filtration and immunofluorescence confocal microscopy analyses. A novel facet of the ß-arrestin scaffold is its ability to assemble MAP kinase modules with a GPCR and target it to the endosome of the cell. This combination of GPCR with the MAP kinase module may afford the specificity to differentiate overlapping mitogenic signals from distinct GPCRs.
Conclusion
It is now amply clear that GPCR signaling does not consist of solitary, linear pathways that lead to acute enzyme regulation or long-term gene expression. Instead, cross talk between GPCR and growth factor signaling is so rampant that the current, compelling question relates to how specificity is achieved with the existence of a myriad of overlapping mitogenic stimuli and seemingly redundant pathways with MAP kinases playing an integral role ( fig. 1 ). Given the limitations of previous studies that are dependent on overexpression of signaling components and cell-type variants, it is necessary that future research focus on endogenous signaling components, primary cultures of homogeneous cells and in vivo studies with transgenic mice.
